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ABSTRACT 

Detailed analyses of the correlation of infrasonic microbarometric dis- 
turbances and long-period seismic phenomena as recorded at the high-gain, 
wide-band, long-period seismic observatory at Sugar Island, Michigan, show 
very low coherency in the range of periods between 10 and 120 sec. At periods 
greater than 60 sec, rising levels of microbarometric power generally corre- 
spond to rising levels of seismic "noise" power indicating a genetic relation- 
ship. The lack of coherency between the data is attributed to the fact that 
a single point microbarometric measurement at the seismic recording site does 
not adequately represent the atmospheric loading of the earth's surface. To 
obtain high coherency, an array of weighted microbarometric measurements 
should be obtained in an area approximately 10 km in diameter around a broad- 
band, high-gain seismic receiver. A pronounced minimum in the seismic noise 
between 30 to 1+0 sec was observed in accordance with Savino's observations. 



INTRODUCTION 

The work statement for this contract provides for studies of atmospheric 
I 

and seismic phenomena as follows: 
j 

1. Investigate the correlation of infrasonic microbarometric distur- 

bances and long-period seismic phenomena. 

A. in the vicinity of the earthquake epicenter; 

B. in the vicinity of the seismic and acoustic receivers; and 

C. due to coupling between Rayleigh waves and acoustic waves when 

the proper conditions exist, i.e., when the velocity of the 

surface seismic waves is less than the speed of sound in air. 

2. To investigate the source and propagation characteristics of infra- 

sonic phenomena other than those correlatable directly with seismic events. 

These include volcanic activity, rocket launches, tornado activities, mag- 

netic storms, etc., all of which are associated with microbarometric. activity. 

Because of the great interest in the source of "noise" with periods 

greater than 50 sec on high-gain, wide-band seismographs, the work on this 

contract has been confined principally to Item 1 above. The "noise" in this 

period range together with the shorter period (i.e., 1^-22 sec) oceanic wave- 

generated microseismic noise constitute the limiting factors in magnification 

on long-period seismographs at the present time. It would appear that at 

least two sets of long-period seismic instrumentation are capable of higher 

operational manifications than even those achieved by the current high-gain, 

wide-band, long-period network being installed by the Lamont Doherty Geolog- 

ical Observatory. These instruments include those described by Block, et al., 

and Pomeroy, et al. The lU-22-sec microseisms can be minimized by an appro- 

priate choice of filters. If the longer period noise is atmospherically gen- 

erated and coupled to the ground in the vicinity of the seismic receiver, 

then its elimination rests on the simultaneous recording of microbarometric 

information in the same period range. By appropriate normalization and sub- 

traction of the micrubarometric data from the long-period seismic data, in- 

creased useful magnifications may be achieved. As this research indicates, 

however, this may be achieved only with the recording of an array of micro- 

barographs and the possibility becomes expensive at the very least. 

If, on the other hand, part or all of the long-period noise is not 

coupled to the ground, then the elucidation of the source of this noise can 

result in the immediate increase in the achievable useful magnification of 

long-period seismographs. It was clearly shown in Annual Report No. 1 



(02657-1-P), on this contract, that propagating long-period atmospheric waves 
are well recorded on long-period seismographs with suitable recording charac- 
teristics. This result was also clearly shown by Savino in his investigation 
entitled "The Nature of Long-Period (20 to 150 sec) Earth Noise and Impor- 
tance of a Pronounced Noise Minimum to Detection of Surface Waves." The 
question of the importance of the nonpropagating component of atmospheric 
noise was also discussed in detail by Savino and will be considered here also. 

If the longer period (> 50 sec) "noise" can be reduced, then higher mag- 
nification seismographs can be operated in the period range between 30 and 
100 sec and the detection capability for earthquakes, at least, can be signi- 
ficantly improved. 



INSTRUMENTATION 

The seisraological and microbarometric instrumentation which recorded the 
data used in this study were located at Sugar Island, Michigan. 

The station is located in the northwest quarter of the southeast quarter 
of section 26,  Township kQ N, Range 2 E. The geodetic location is lt6051l17"N, 
84o08'l8" W. The geocentric location is k^kk'^k" N, 8Uo08'18" W. It is lo- 
cated 625 ft or 190 m above mean sea level on Cambrian Jacobsville sandstone. 
The Coast and Geodetic Survey code designation is SUG. 

The seismic installation at Sugar Island consists of three Geotech 
(Model 7500 A and 8700 C) seismometers operated in pressure tanks at a period 
of 50 sec. One of the seismometer's velocity outputs is fed into a Geotech 
Photo Tube Amplifier with a 100-sec galvanometer and the amplified and fil- 
tered signal is recorded photographically and visually. The response curve i 
for this output is shown in Figure 1. The other seismometer velocity output 
is recorded directly on photographic paper via a 100-sec galvanometer at a 
nominal gain of 6000. Displacement transducer outputs are amplified and re- 
corded on 10-in. Esterline-Angus strip chart recorders. , 

Two NBS microbarographs are currently installed at Sugar Island. 
Response curves for these units are presented in Figure 2. 
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RESEARCH COMPLETED (1 FEBRUARY I969 TO 51 JANUARY 1970) 

The research carried out during this contract period was covered in 
Annual Report No. 1 on this contract and the results will be summarized here 
in accordance with the contractual requirements for a comprehensive final 
report. The results of the preliminary investigations showed that at La Paz, 
Bolivia, LASA/LAMA, Montana, and at Sugar Island, Michigan, there was a 
strong correlation between the microbarometric background noise and the long- 
period seismic noise. Furthermore, it was concluded that the energy transfer 
was the result of the deformation of the earth's surface by a nonpropagating 
pressure cell loading effect. 

1.  DATA ANALYSES—LA PAZ, BOLIVIA AND LASA/LAMA 

For large amplitude propagating infrasonic waves from a presumed Lop Nor 
event as recorded at both sites, clear correlation between the seismic traces 
and the microbarometric traces was observed using "eyeball" filtering tech- 
niques and appropriate time shifting techniques. This correlation was ob- 
served on both the horizontal and vertical component seismic instrumentation 
and is undesirable. Dispersion curves for the atmosphere were derived from 
the LAMA microbarographs using standard seismological techniques. 

2. DESCRIPTION OF MICROBAROMETRIC DATA—SUGAR ISLAND 

Energy concentrations appear to be in four well-defined bandwidths: 
(A) I-60 sec; (B) 60-300 sec; (C) 500-900 sec; and (D) greater than 900 sec. 

A. Period Range 1-60 sec with peak amplitude at UO-50 sec. The 
waves of this group appear to be intimately connected with 
local wind action and are usually restricted to the time 
period between local sunrise and sunset. They reach a peak 
amplitude at approximately local noon and do not appear to be 
inhibited by cloud coverage. The high degree of correlation 
between solar noon and intense microbarometric noise suggests 
a thermal agitation of the local atmosphere as the probable 
cause. 

B. Period Range 60-500 sec with peak amplitudes at 120-200 sec. 
The waves in this group occur quite prominently in two tem- 
poral bands on both sides of the first group at approximately 
5 hr prior to local sunrise and local sunset. If they have 
large amplitudes, they are prominent later into the evening. 
Although they may be present during the time span of group A, 



the greater amplitudes of the first group obscure these waves. 
These waves appear to be related to upper atmosphere solar 
setting and upper atmosphere turbulence as indicated by wind 
studies. These waves again appear to be independent of cloud 
coverage but are definitely temporal dependent as are the 
first group. There appears to be little or no correlation of 
these waves with very local meteorological conditions. 

C. Period Range 300-900 sec with peak amplitudes at 300-^20 sec. 
The waves in this band width, unlike the first two groups are 
not diurnally dependent, but occur to a greater or lesser ex- 
tent throughout the records. They dominate quiet evening 
records and underlie both of the first groups. They appear 
to be related to low-pressure areas which pass over the sta- 
tion site. The more well developed the pressure field and 
the closer it is to the station, the larger the amplitude. 
Again, it appears that upper atmospheric conditions rather 
than those at the surface are the determining factor in the 
amplitudes. Work is being done to attempt correlation with 
jet stream and critical layer turbulence. The amplitude of 
these waves also appears to be temporally distributed with 
the season. Winter noise levels are noticeably larger. 

D. Period Range Greater than 900 sec. These waves are rare but 
do occur occasionally with fairly large amplitudes. Fourier 
analyses indicate a power peak at approximately 1200 sec but 
amplification at these periods is not sufficient for signi- 
ficant results. On the records, dispersed waves are frequent 
occurrences and are not diurnally fixed. They occasionally 
transcend all other groups which sometimes distort the dis- 
persion pattern. Dispersion of waves runs from periods of 
25-50 min to 100-200 sec and generally occur over a finite 
interval of this limiting range. The correlation of these 
waves is as yet undetermined. 

For convenience sake, in the discussion below, we have divided these energy 
concentrations into two period regions. These are 60-180 sec and 200-1000 
sec. The characteristics of the two spectral regions are dissimilar and will 
be discussed separately below. 

The first concentration of energy occurs with maximum amplitude at 100 
sec. This is a diurnally variable spectrum apparently related to localized 
thermal convection cells. Characteristically from sunrise to local noon, 
there is a decrease in period (from 180 to 50 sec) and an increase in ampli- 
tude of the noise. After noon, the reverse is true, and evenings are virtu- 
ally devoid of energy in this frequency range at Sugar Island. This condition 
occurs irrespective of areal cloud coverage. Direct thermal agitation of the 



instrument is ruled out as a possible cause. Duplicate records are obtained 
from a transducer inside the thermally stable vault at Sugar Island, as op- 
posed to outside. This is also true when the instrument is covered with snow. 

Localized atmospheric convection cells are set up with the influx of in- 
frared or ultraviolet radiation from the sun. The cells decrease in size and 
increase in coherency from morning till noon. This causes a decrease in 
period and increase in amplitude on the microbarographic records. The exact 
cell dimension has, as yet, not been determined. 

The second frequency range (200-1000 sec) is, unlike the first, not a 
diurnal effect, but a grouping Of gravity waves initiated by different phenom- 
ena as well as by low-pressure front activity. Particularly prominent periods 
associated with low-pressure areas are in the 5-10-min range. The amplitude 
of these waves appears to be a function of the coherency of the low-pressure 
area and proximity to the recording station. The period appears to be a 
function of pressure area dimensions and proximity. 

5. CALCULATION OF ATMOSPHERICALLY INDUCED DEPOBMATION 

Calculations of the amount of vertical deformation of various half-space 
models have been made by several authors (Kuo; Burmister; Khorosheva). As a 
first approximation of the problem, the model for a simple half-space pro- 
posed by Khorosheva was used to calculate the amount of vertical deformation 
of the surface at Sugar Island. The pressure field is assumed to be centered 
at Sugar Island. Elastic parameters of a quartzite similar to that beneath 
the site were used for this calculation (Clark), observed pressure was ob- 
tained from microbarograph data and pressure field dimensions and acoustic 
wave periods. Performing the calculation with the above parameters: 

w = 
\ + 2|i P R 
   o 

2(X+n) 

where        w = ground disp. 
\ and n » Lame constants 

P0 « pressure 
R = radius of pressure field 

Vertical deformation on the order of l+|i is obtained. This value is 
quite close to the observed displacement and is in reasonable agreement with 
values reported by Savino. This is a reasonably close estimate to the actual 
ground displacement obtained since 



A. the pressure field was not located directly over Sugar Island 
B. pressure field dimensions are only crudely known 
C. exact elastic parameters for Sugar Island are not determined 

As a second approximation, a single-layered, half-space model proposed 
by Burmister was used. Elastic parameters for the first layer were those of 
a sandstone similar to the Jacobsville Formation at Sugar Island; the half- 
space remained the quartzite. Results from this calculation agreed with the 
first to within 20^. 

k.     CORRELATION DATA—SUGAR ISLAND 

Initial calculations of the coherency and spectra of the Sugar Island 
seismic and microbarometric data were carried out during this period. Since 
the continuation of these studies constitute the principal portion of the 
research carried out during the following period (1 January 1970 to 50 May 
1971), these preliminary results will only be mentioned here. Half-hour 
length segments of both types of data were Fourier analyzed. The similarity 
and simultaneous increase in level of the power spectra for the seismic and 
microbarometric data indicated that the "noise" was related. Although corre- 
lation of the two types of "noise" was indicated, the absolute correlation 
was believed to be limited by several factors. 

A. Infrasonic acoustic noise is not a unique source of seismic 
noise in this band pass. At certain seasons, it constitutes 
80-90^ of the noise, while at other times, it makes up a 
smaller portion of the total. 

B. The effects of the bedrock elasticity car. cause extreme 
changes in the character of the noise between acoustic and 
seismic sensors. Phase, amplitude, and period characteris- 
tics may be altered. 

C. As Hasselman pointed out, general excitation of an elastic 
layered half-space by a random (homogeneous and stationery) 
pressure response. Thus, it is necessary to consider both 
the local sources and the more distant acoustic sources. 

D. The exact energy transfer mechanism to seismometers from 
acoustic phenomena is not clearly understood but is presumed 
to be (based on Savino's work at Lament among others) actual 
ground deformation. 

These results of these studies clearly indicated the need for additional 
detaixed analysis of this and similar data. This "set the stage" for the 
next section of this study. 



RESEARCH COMPLETED (1 FEBRUARY 1970 TO 31 MAY 1971) 

1. DATA ANALYSIS 

In the search for correlation between microbarograph fluctuations and 
seismicity, one of the primary problems is how to correctly apply statistical 
analysis techniques to two such partially nonstationary time series. This 
section discusses the methods used. 

For successful statistical analysis of time series such as the sample 
records of microbarograph or seismic data, certain conditions must be met by 
the data. The most important of these is that they must be ergodic or sta- 
tionary, i.e., parameters such as mean variance, autocorrelation functions, 
etc., are invariant in time. Observations of many phenomena do not completely 
satisfy this requirement and are known as "almost" stationary or weakly sta- 
tionary. Variations in parameter estimate in these cases are represented by 
mean square errors. 

Seismic and microbarograph variations for the periods of interest (10-100 
sec) can be considered to be stationary or quasistationary. A complete justi- 
fication of this assumption would require a study of the stability of the data 
as a function of period. 

Quasistationary data can be investigated using standard statistical func- 
tions. The definitions of the most important of these functions are listed 
below. 

2, MATHEMATICAL DEFINITIONS AND PROGRAMMING TECHNIQUES 

The autocorrelation function, Rxx(T)* which describes the dependence of 
data at one time (t) on data taken at another time (t+r), where T is called 
the lag time, is obtained by taking the normalized average product x(t) • x(t+T) 
This will approach an exact autocorrelation function as the length of record, 
T, becomes very long. 

R (T) = J~j/Tx(t) x(tn)dt xx      T-*» To 

The autocorrelation function is thus a powerful tool for detecting non- 
random effects in data which have a high random background. 

The power spectral density function, Gxx(f), which describes the fre- 
quency and amplitude composition of the data, is given for stationary data by 

8 
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the Fourier transform of the autocorrelation function 

G (f) - 2 r R (T)e"iayr dT 
XX oo  XX 

These functions can be extended to apply to joint properties of two time 
series x(t) and y(t). 

The cross-correlation function Rxy(T) for two time series x(t) and y(t) is 

R (T) = lim i /T x(t) y(t+T)dt 
xy      T-*«.T 0 

The Fourier transform of the cross-correlation function is the cross 
spectral density function, Gxy{f)} given by 

G    (f)    =    TR      e'^dT 
xy oo   xy 

The cross power at each frequency is the product of the corresponding 
amplitudes in the two time series. If a spe.^.rum component is absent from 
either series, it will be absent from the cross spectrum. The phase angle 
associated with each frequency component of GXy(f) is the phase difference 
between equivalent components of the two time series. 

In practice it is preferable to use the normalized cross power function 
or the coherence y^yi^) 

2         ((Wf)) 
v If)    =  SL < i 
V '    (G (f) G (f))-1 

x y 

The functions determined from several finite series of data differ from 
the ideal ("true") estimates obtained from infinite series of data. The dif- 
ferences are represented by mean square errors which are usually inverse func- 
tions of record length and, at high frequencies, also of the sampling interval 
(Bendat and Piersol). 

If a time history u(t) is sampled at N data points with a sample interval 
"h" between values, then the sample mean u is given by 

1 N 

u = i ^ Un n=l 



To simplify calculations, the mean value u is usually subtracted from 
all data. A time history x(t) is defined by 

x  = u -u   n = 1.....N 
n    n 

If this is not done, the power spectral density function exhibits a large 
peak at zero frequency vihich distorts estimates at other frequencies. 

A further correction may be needed to remove a slow linear trend in 
which case x(t) can be represented by 

ü-4-f) x(t) = u(t) - u - ait-~j  0<t<T 

where ä denotes the average gradient of u(t) with respect to t and Tr is the 
record length. 

The estimated correlation function at a displacement (rh) where r is the 
lag number is 

N-r 
R-(rh) ' IN^T \  XnVr   r S 0,1,...,m 

n=l 
xx 

The maximum lag, m, in an analysis determines the low frequency cut-off 
(rnh)"^- or bandwidth resolution, Be, for the power spectral density function, 
the high frequency cut-off being the Nyquist frequency: 

f     =   i 
c 2h 

A smoothed estimate of the power spectral density is obtained by a 
Hanning process (Blackman and Tukey) in which the values of Gxx(f) are re- 
placed by: 

G (0) - 0.5G (0) + 0.5G (1) 
XX XX XX 

G (r) - 0.25G (r-l) + 0.5G (r) + 0.25G (r+l) 
XX XX XX XX 

G (ra) •♦ 0.5G (m-1) + 0.5G (m) 
XX XX XX 

10 



A further adjustment to Gxx(f) is the Parzen lag weighting function, Dr, 
which improves the accuracy of spectral estimates. 

D  = 1 - 6(^2 + 6(^)
5   r = 0,l,...,f 

r m     m 2 

= 2(1 - r) 
r\3 m 

r = T^ •••^ro m' 2 

= 0 r > m 

The calculation of joint properties of two time series uses cross- 
correlation coefficients. Using series of data reduced to zero mean, the 
coefficients are 

N-r 

Vrh) =   WZ)    Z*n *n+r 
n=l 

The cross-correlation function GrXy(f) is generally a complex number. 

Record length, sample interval and resolution bandwidth must be decided 
upon so that the best use of analysis is made at the frequencies of interest. 

The normalized standard error e is approximately 

Jh?x 

J.  CORRELATION OF MICROBAROGRAPH TO SEISMIC MEASUREMENTS 

Microbarograph and seismic long-period analog measurements were recorded 
on paper charts continuously from late September, 1969, through March, 1970. 
Randomly selected sections of these records were digitized using a 105-sec 
digitizing interval on an Erwin digitizer and processed using the statistical 
techniques discussed previously. 

The seismic records were selected at time when no earthquakes were ap- 
parently occurring and microseism activity was not excessive. The parallel 
microbarograph records were subjected to only one selection prerequisite, 
i.e., that the paper chart was not saturated. 

The records selected, their times, and their dates, are listed in Table I. 

11 



TABLE I 

TIME INTERVALS FOR WHICH MICROBAROMETRIC AND SEISMIC 
DATA WERE SELECTED FOR ANALYSIS 

 Date Time Interval 

September 29, 1969 1620-1720Z 
September 29, 1969 1720-1820Z 
September 29, 1969     1820-2020Z 

February 20, 1970      2lM*-2555Z 

March 1, 1970 1)00-2100 Z 
March 1, 1970 1500-1500Z 
March 1, 197O I5OO-I7OOZ 
March 1, 197O 1700-1900 Z 
March 1, I97O 1900-2100 Z 

March 27, 1970        0250-04U0Z 

The general frequency composition of the data was determined by the 
power spectrum density technique outlined previously. Some periodicities are 
apparent but owing to the now stationary characteristics of the data they 
must be regarded as tentative. Reliable estimates of these periodicities can 
only be obtained by time averaging the power spectra. 

The power spectra for each of the microbarograph and seismic records 
selected, together with the phase and coherency between these records is 
shown in Figures 2 through 20. For each set, the sample interval was 1.5 sec 
(i.e., Nyquist frequency - O.J sec"1). The minimum lag used in the autocor- 
relation function calculation was % of the record. This gives approximately 
UO degrees of freedom (i.e., n = kO)  to each spectral estimate. The mean 
square error e in the spectral estimate is given by 

2   2    1 
e  ~ £ ~ ~ ~ 0.05 

n   ß-T 

where T is the record length and ß is the sample interval. 

k.    DATA DISCUSSION AND RESULTS 

The results of this work are presented in Figures 5 through 20. Rather 
than discuss the significance of each individual figure, the composite results 
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of the data analysis program will be given. 

A. A pronounced minimum In the power spectral distribution in the pe- 
riod range kO  to 60 sec is observed in all the data. The spectra shown in 
the figures are uncorrected for instrumental response. When the seismic 
spectra are corrected for the response shown in Figure 1, the minimum is 
clearly present. This minimum, observed by Savino and others, occurs in the 
area of maximum response of the seismograph system. Since the system response 
is almost the inverse of the noise curve, the instruments are ideally suited 
for detection of surface waves in this period range. The choice of magnifi- 
cation curves was made by Hade and Pomeroy on the basis of observed noise at 
Ogdensburg. The seismic instruments are clearly not sensitive to microbaro- 
metric noise in this period range. The evidence for this can be most clearly 
seen in the data for March 1, 197O (1500 to I7OOZ) (Figure 12) where a high 
level of barometric power occurs around 30 sec period and the seismic power 
is unaffected. The observed minimum in the noise curve is clearly an ex- 
tremely important result from the standpoint of the detection of surface 
waves from small magnitude earthquakes and explosions and, as Savino has 
pointed out, will also allow the use of seismic surface wave discriminants 
for explosions and earthquakes at lower magnitudes. 

B. Peaks in the seismic spectrum which correspond to propagating seismic 
noise are clearly present at periods of less than 50 sec (Figures 3,8,10,12, 
14,16). No corresponding peaks in the barometer power spectrum are observed. 
In addition, the low coherency and the random phase associated with these 
signal peaks strongly suggest that there is no correlation between the micro- 
barometric and the seismic data in this period range. 

C. At periods greater than 60 sec, the degree of correlation between 
the seismic and the microbarometric data becomes less clear. In general, it 
is true (as was reported in Annual Report No. 1 on this contract) that rising 
levels of microbarometric power in this period range correspond to rising 
levels of power in the seismic data in the same period range as in Figures 
3,8,12, and 18. It should be noted here again that both the microbarometric 
and the seismic power spectrum are uncorrected for instrument response. The 
simultaneous increase in power on both sets of instrumentation clearly indi- 
cates a genetic relationship between the two data sets. However, it is 
equally clear that a one-to-one correspondence does not exist. The coherency 
values tend toward zero in this frequency range indicating almost no coherence 
between the recorded microbarometric signal and the seismic data. The micro- 
barometric data is, however, recorded only immediately above the seismometer 
vault and thus constitutes simply a point measurement in space. It is 
probably true that the local earth deformations and tilts caused by the atmo- 
spheric loading effect are the result of average surface loading over an area 
at least 10 km in diameter. Thus to obtain a highly coherent set of data, an 
array of microbarometric measurements over the area encompassed by the 10-km 
diameter should be averaged. Initially, it was felt that such an experiment 
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could be carried out using the LASA/LAMA data. The wavelengths of the data, 
the small dimensions required, and the large dimensions of LAMA precluded 
this study. A study using an array of mlcrobarometrlc sensors spread around 
the location of a high-gain, wide-band, long-period seismograph system would 
provide a definite answer to the coherency problem. 

C. The data on the phase of the two signal sets indicates a trend 
toward 0 (i.e., waves in phase) at the very long periods (> 100 sec). At 
shorter periods, the phase data is highly variable, again indicating, as with 
the coherency, a low direct correlation between the mlcrobarometrlc data (at 
one point) and the long period seismic noise. 
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